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ABSTRACT

We report the discovery of Cepheicl variable stars in the galaxy NGC 4414,

as part of the Hzdb/e Space Telescope (l/ST) Key Project on the Extragalactic

Distance Scale. Observations were obtainecl with the llSTWicle Fielclancl

Planetary Camera 2 (WFPC2) for 13 epochs at V (F’555W) and 4 at 1 (F814W).

Photometry was performed using two independent programs, DoPHOT and

DAOPHOT/ALLFRAME. We find 11 Cepheids with high quality light curves

and well determined periods of 19 to 70 days. Nine of these Cepheids are used

in fitting the Period–Luminosity relation. Assuming a LMC distance modulus

of 18.50 mag and E(B —V)=O.1O mag, we derive a reddening-corrected distance

modulus for lNGC 4414 of 31.41 * 0.17 (random) +0.16 (systematic) mag,

corresponding to a distance of 19.1 + 1.5 (random) +1.4 (systematic) Mpc.

We derive a mean color excess for NGC 4414 of E(V – 1) = 0.02+ 0.05 msg.

NGC 4414 is a calibrator of the Tully-Fisher and Type Ia supernova secondary

distance indicators, and we briefly discuss the implications of the new distance

for these methods.

Subject headings: Cepheids – galaxies: distances and redshifts – galaxies:

individual (NGC 4414)
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1. Introduction

The goal of the 1{S7’ Key Project on the Extragalactic Distance Scale is to measure Ho

to an accuracy of 10Yo. Accurate distances to 18 nearby galaxies are being measured using

Cepheid variable stars. These distances will be combined with }1S” Cepheid distances from

other groups to calibrate several secondary distance indicators, including the Tully-Fisher

(TF) relation, the surface brightness fluctuations method (SBF), the planetary nebula

luminosity function (PNLF), the peak brightness of Type Ia supernovae, and the SN Type II

expanding photosphere methods (EPM). A more complete description of the project can be

found in Kennicutt, Freedman, & Mould (1995). Distances to M81, M101, M1OO, NGC 925,

NGC 3621, NGC 3351, NGC 2090, NGC 7331 and NGC 1365 have already been determined

(Freedman et al. 1994a, Kelson et al. 1996, Freedman et al. 1994b, Ferrarese et al. 1996,

Silbermann et al. 1997, Rawson et al. 1997, Graham et al. 1997, Phelps et al. 1998, Hughes

et al. 1998, and Madore et al. 1998, respectively).

NGC 4414 (cr2000= .19h26m27.5’, 62000 = +31 °13’29”) is host of the Type Ia supernova

1974G (Ciatti and Rosino 1977). It is an Sc(sr) 11.2 galaxy (Sandage and Tammann 1981)

seen at an inclination of 56° (Aaronson et al. 1982b) and is a calibrator for the Tully-Fisher

relation. Previous distance estimates for NGC 4414 differ by as much as a factor two, from

10.5 Mpc (de Vaucouleurs 1975) to 18.2 Mpc (Pierce 1994). NGC 4414 is often assigned

to the Coma I Cloud of galaxies (e.g. deVaucouleurs 19715, Sandage & Tammann 1975)

though this assignment is questionable, and we will adclress this issue later. NGC 4414

has a heliocentric recessional velocity of 720 + 11 km s- 1 (de Vaucouleurs et al. 1991) and

lies near the triple valuecl region of Virgo supercluster inflow models (e.g. Aaronson et

al. 1982a).
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2. Observations and Data Reduction

2.1. Observing Strategy

Images of NGC 4414 were obtained with the HST Wl?PC2 camera. A detailed

description of the instrument can be found in the WFPC2 Instrument IIandbook (Biretta

et al. 1996). The Wide Field Camera (WFC) images onto three 800 x 800 CCD detectors,

each with 0!10 pixels and a 1!3 field of view. The Planetary Camera (PC) makes use of a

fourth CCD and has a 34” field of view with 0’!046 pixels. All observations presented here

were made with a gain setting of 7 e-/DN and at a CCD operating temperature of –88° C.

Figure 1 shows a ground-based B band image of NGC 4414 taken at the Fred Lawrence

Whipple Observatory 1.2 meter telescope in ~ 2’!5 seeing, with the footprint of WFPC2

overlain. A mosaic of the median images in all WFPC2 chips is shown in Figure 2. The

small fielcl was imaged by the Planetary Camera (PC); we refer to it throughout this paper

as chip 1. We refer to the Wide Field Camera (WFC) fields as chips 2 through 4, in

counter-clockwise direction from the PC, as projected on the sky.

A log of observations is given in Table 1. Twelve V (F55,5W), four I (F814W) and

two B (F439W) epochs were obtained between April and June 1995 over a 62-day window.

As with the other galaxies observed as part of the Key Project, the temporal sampling of

the observations was chosen to produce more uniformly sampled light curves of potential

C’epheids with periods between .5 and 60 days (Freeclman et al. 1994a) and is illustrated

in Figure 13. To facilitate cosmic ray (CR) removal ancl optimize the Cepheicl–finding

algorithms (see Section 4), each observation consisted of a pair of CR split images, for a

total integration time of 2,500 seconds in each filter. The 1? band images were found to

have a low signal-to-noise ratio, and are not discussed further in this paper. An additional

V epoch was obtained in April 1996, approximately one year after the end of the main
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observing winc[ow, in orcler to constrain the periocls of the longer— periocl Cepheids.

2.2. Data Reduction

All images were processed with the standard Space Telescope Science Institute (STSCI)

pipeline described by Holtzman et cd. (199.5a), using the most up-to-date calibration files

available at the time the data were taken. Briefly, pipeline reduction includes correction

of small analog-to-digital (A/D) errors, subtraction of a bias level image, subtraction of a

superbias image, subtraction of a dark frame, and division by a flat field.

The data were then processed with standard team reduction steps as described in

Ferrarese et al. (1996) and Stetson et al. (1998). Bad columns and pixels were masked with

the data quality files produced by the pipeline. To correct for the geometric distortion in

the WFPC2 cameras, images were multiplied by a pixel area map, normalized to the area

of the median pixel in the image. This effect is not corrected by the standard pipeline

flat fields, which conserve surface brightness, but not integrated fluxes. Vignetted areas of

each chip were masked. Finally, all images were multiplied by 4 and converted to short

integer to reduce disk space and allow for data compression. This gives an effective gain

of 1.75 e-/DN and a read noise of 4 DNT.For a more detailed description of standard Key

Project data reduction steps, see Ferrarese et al. (1996) and Stetson et cd. (1998).

3. Photometric Reduction and Calibration

The compact size ancl high surface brightness of NGC! 4414 make it one of the most

challenging target fielcls in the Key Project sample (Figure 2). The bright stars are g;eneral]y

crowded and concentrated on the higher surface brightness areas of the galaxy. The

background surface. brightness of the galaxy has a steep graclient. In addition, the exposure
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times are relatively short for a target at the distance of NC;C 4414. The center of the galaxy

is locatecl in the PC fielcl, and crowding problems are especially severe, compromising the

photometric accuracy of the data in this field. Only one high quality CepheicI (C12 in

Appendix B) was found in the PC fielcl, ancl it lies near the optical pyramid eclge of the

chip where the photometry may be unreliable. Therefore, we use only the Cepheids found

in the WFC fields to calculate the distance to NGC 4414.

The effect of crowding on the photometry of stars in these galaxies is a serious issue. To

address this, our team has performed a series of artificial star tests (Ferrarese e.! al. 1998).

We find that the crowding effects on the stellar photometry in regions such as those in

which our Cepheids are found is neglible, although stars in more crowded region may indeed

be affected. Normal precautions were taken to avoid contaminated Cepheid photometry,

including examining images for nearby companions, and checking the color of the Cepheid

and the amplitude of its lightcurve.

Photometry was performed on the WFPC2 images through two parallel and independent

reduction tracks, each using a separate photometry program, ALLFRAME/DAOPHOT 11

(Stetson 1994) and a variant of DoPHOT optimized for undersampled HST WFPC2 images

(Saha et al. 1996). Each reduction is described separately below.

3.1. ALLFRAME/DAOPHOT Reductions

To extract accurate photometry from all images, a complete star list was constructed

as follows. All available images from each chip were median combined to procluce a cleep,

clean, CR free image. DAOPHOT and AL LSTAR (Stetson 1987) were used to find stars,

aclcl them to the star list, and subtract them from the median image to uncover other stars

on the image. After a few DAOPHO’I’/}\LLSTAR iterations. the remaining stars visible on
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the image were added to the list by hand. ALLFRAME (Stetson 1994) was then run on all

images using this initial star list. All star-subtracted images produced by AL LFRAME were

again median combined and examined. Star-subtracted V ancl 1 images were also separated

by filter and median combined to locate any extremely blue or red stars. Any remaining

stars on these images were added to the final star list. The point spread functions (PSFS)

created for WFPC2 images from public domain images of the globular clusters Pal 4 and

NGC 2419 (Hill et al. 1998) were used by ALLFRAME to extract photometry for all stars

on the final star list. Variations in PSF due to telescope guiding and focus changes are

accounted for by applying a separate aperture correction to each frame.

ALLFRAME instrumental magnitudes were converted to standard Johnson V and

Cousins 1 as described in Hill et al. (1998). Aperture corrections which convert the

instrumental PSF fit magnitudes to 0’!5 aperture magnitudes were calculated with the

program DAOGROW (Stetson 1990), using observations of bright isolated stars in NGC

4414, along with observations of several globular clusters and Key Project galaxies,

including NGC 2419, Pal 3, Pal 4, M101, NGC 925, NGC 1365, NGC 3621, NGC 4725, and

NGC 7331. The larger data set was used to derive the general form of the growth curves,

while the NGC 4414 data provided proper correction for core broadening due to small focus

variations and spacecraft jitter for each epoch. This procedure makes maximum use of the

full library of isolated star observations to define the gross form of the growth curves, while

accurately correcting for image shape variation in each individual observation. For details

see Stetson et al. ( 199S). A separate aperture correction was calculated for each chip-filter

combination at each epoch. Average aperture corrections for each chip-filter combination

are listed in Table 2, We use the team-stanclarcl long exposure zero points from Table 7

of IIill et al. ( 199S), also Iistecl in Table 2. The conversion actuations usecl to transform

A LLFRAME instrumental magnitudes to the stanclard system are of the form

AI =nt+2.. 510gt+A 1+,42*( V-/) 43*( V(f )2)2 (1)
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where M is the standard magnitude, m is the instrumental magnitude, t is the exposure

time, ancl Al through A3 are constants. A2 ancl A3 are taken directly from Holtzman et

al. (199.5a). Al accounts for the adopted zero point, aperture corrections, the normalization

of our pixel area map, a factor of 2.5 log 4 from our conversion to short integer, and the

ALLFRAME zero point of 25 msg. Explicitly,

Al = 2P+ AC+ O.016 + 2.510g4 – 25. (2)

Al, A2, and A3 are listed in Table 2 for each chip and filter combination.

3.2. DoPHOT Reductions

DoPHOT reductions followed the process outlined in Ferrarese et CZ1.(1996). To

summarize, a master list of stars was compiled by running DoPHOT on deep V and 1

images made by co-adding all F5.55W and F814W frames, and removing cosmic rays

according to the procedure in Saha et al. (1996). DoPHOT was then run on the resulting

12 V and 4 1 images, using the master star list as input. Aperture corrections were derived

from observations of the Leo I dwarf galaxy (where the field was relatively uncrowded),

with the offset to NGC 4414 derived from the deep V and 1 images of NGC 4414 itself.

Data from the globular cluster, Pal 4, were then used to put the resulting magnitudes on

the system of Holtzrnan et cd. (1995a).

3.3. Comparison of ALLFRAME/DoPHOT Photometry

DoPHOT reductions were completed before the 1996 revisit data were available, so

all comparisons presented here are limited to the first 12 epochs of NGC 4414 data. A

comparison of AL LFRAME and I)oPI1OT photometry for the local standards is shown

in I?igure 4 and summarized in Table 3. The agreement of the photometry for the local
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stanclards (crosses) is very good for all the WIW fielcls, considering the severe crowcling,

with the largest difference of about 0.06 mag in 1 in chip 4 and average clifferences

(ALLFRAME-DoPHOT) for all three chips of -0.020+0.008 mag in V and +0.064+0.008

mag in 1.

The comparison of AI. LFRAME and DoPHOT intensity-averaged magnitudes

(described explicitly in Section 5) for each of the Cepheid candidates is plotted in Figure

4 as solid circles. The mean difference is +0.04 + 0.03 mag in V for chips 2 through 4,

and +0.03 + 0.04 in 1. The Cepheids are typically fainter than the local standards, and as

expected the scatter in the comparison is larger, but it is clear that the Cepheids tend to

lie within the error envelope defined by the standard stars.

4. Identification of Variable Stars

Variable stars were identified following the procedures described in previous papers

in this series. IIowever, because of the unusual level of stellar crowding in this galaxy,

several different variable finding tests were employed in order to maximize the number of

variable star candidates. The light curves of all candidates were rigorously checked in both

photometry sets. Only those stars which were independently confirmed in both photometry

sets were included in the final sample.

Three separate variable fincling tests were used with the ALLFRAME data set. The

first method simply lookecl for stars with unusually high clispersion in their V magnitudes.

The seconcl methocl usecl a correlated variability test suggested by Welch & Stetson (1993),

which takes advantage of the CR split data, since real variables will have a similar change

in rnagnitucle from epoch to epoch in both of its CR split images; random noise ancl CR

hits will not be correlated in the CR split images, on average. The periocls of the variable
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canclidates were determined using a phase dispersion minimization routine as described by

Stellingwcrf(197S) and c{etailcc{ in Freednlan(199-4a). The third variable finclingmethocl,

clescrihecl by Stetson (1996), also fmclsvariable canclidates using avariation of the Welch

&Stetson (1993) technique, but finds periocls, mean magnitudes, anclamplitucles befitting

template light curves.

The DoPHOT photometry was searchecl inclepenclently for variables, following the

procecluresof Saha & Hoessel (1990) and Ferrarese et al. (1996). A chi-squarecl test was

used, and stars that had a 99% confidence of being variable were checkecl for periodicity

using a variant of the Lafler & Kinrnan (1965) method of phase dispersion minimization.

As expected for our sampling strategy (see Figure 2), period aliasing was not a problem

for the 11 Cepheids in our sample. Light curves were examined for possible alternate

periods and these were rulecl out, The one year revisit data also helped to constrain periods,

especially for some of the longer period Cepheids.

The final Cepheid sample was compiled from these lists of variable candidates. In

cases where a promising candidate was initially discovered in only one photometry set,

it was extracted by hand from the second. If the second light curve was convincing ancl

consistent with the first, it was also added to the variable star lists. The light curve from

each potential variable was examined and candidates were confirmed on the basis of light

curve shape, arnplitucle, and consistency between the two photometry sets. The images

were visually examinecl to ensure variability, and to confirm that candidates ;vere not in

extremely crowded regions. The images were blinked visually as a final check. Our final

sample includes 11 Cepheid cancliclates, 9 of which we use to fit the I)erio(l-llllllillosity (PL)

relation.

Finder charts for the (kpheicl candidates are shown in P’igures .5 and 6. I“igure 5 shows

tile P(I ctlip and each of the three WI”CJ chips with tile Iocatiolls of ttlc Cel)hcid fields



indicated, Figure 6 shows small .51 x 51 pixels fielcls centered on each Cepheid canclidate,

corresponding to a 5“ fielcl of view. In adclition to these Cepheicl candidates, there were 10

variable candidates that were not retained in our final list, These possible Cepheicls are also

marked in Figure 5 and are described in more detail in Appendix B.

5. Light Curves and Cepheid Parameters

Since the ALLFRAME photometry set includes the revisit data, all periods and

mean magnitudes presented here are based on the ALLFRAME photometry. In all cases,

the DoPHOT photometry is consistent with the periods and magnitudes presented (the

DoPHOT-based analysis is summarized in the next section). The magnitudes for the CR

split pair within each epoch were averaged and CR contaminated photometry rejected. The

resulting V and 1 photometry for each epoch is given in Tables 4 and 5. The uncertainties in

instrumental magnitudes reported by ALLFRAME, based on photon statistics and quality

of PSF fit, are also given. Light-curves for the Cepheid candidates are plotted in Figure 7.

As with other Key Project galaxies, both an intensity-averaged magnitude

m= –2.510g ~ ~lo-o”qx~’,
1=1n

(3)

and a phase-weightecl mean magnitude

m = ‘2..5 lOg~O..5(@j+~ – +~_I) 10-0”4xm’, (4)
i=l

were calculated, where n is the total number of observations, and mi and #i are the

magnitude and phase of the ith observation in order of increasing phase. For variables

with uniformly sampled light curves, these two magnitudes coincide. For our sample of

Cepheids, the difference between phase weighted mean magnitudes and intensity-averaged

magnitudes is 0,034 + 0.027 at V and 0.024 + 0.014 at /, in the sense that phase-weighted
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mean magnitudes are slightly fainter. Thechoiceof phase-weightedor intensity-averagecl

rnagnitucles will be shown not to affect the distance modulus to NGC 4414 significantly.

Only four epochs were observed at l,ancl the poor phase coverage malces both the

intensity-averaged and phase-weighted magnitudes poor representations of the 1 mean

magnitude. Freedman (1988) showed that Cepheids have very goocl correspondence between

V and night curves, and that the ratio of the V to 1 amplitudes 1:0..51. We therefore

correct the 1 mean magnitudes in the following way. We calculate the mean V magnitude

at only those epochs where 1 observations were also made. The difference in the 13-epoch

and 4-epoch V magnitudes is multiplied by the 1 to V Cepheid amplitude ratio, and then

added to the 1 magnitude, averaged over four epochs. This yields the corrected mean 1

magnitude. Because the light curves are well sampled in almost all cases, corrections for

NGC 4414 were typically very small, about +0.05 mag, with an average of –0.036 + 0.023

mag, and a maximum correction of –0.17 msg.

For each Cepheid candidate, Table 6 presents the chip number, equatorial coordinates,

period, intensity-averaged and phase-weighted mean V and 1 magnitudes and errc]rs, the

1 band correction described above (labeled 1 – 14), and a description. Uncertainties in

the mean magnitudes are calculated by propagating the instrumental uncertainties for the

photometry of each epoch through Equation 3 or 4, as appropriate. Figure 8 shows an 1

versus V – 1 color magnitude cliagram (CMD) of all the stars on chips 2 through 4 with

the Cepheid candidates over plottecl as solid circles. The CMD lacks the well clefinecl main

sec[uence ancl red supergiant plume that are seen in more nearby ancl less crowdecl galaxies

like MS1 (IIughes et al. 1994) ancl NGC 92,5 (Silbermann et al. 1996). This is undoubtedly

a result of the extreme crowcling in N(; C 4414. Most of the Cepheid candidates lie in the

area of the instability strip.

Two of tlw Cepheid candidates were excluded frorl~ the P L fit for the following reasons.
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Images are still spherically abmratecl when they intersect the pyramid mirror, so all stars

within roughly 1!’2.5of the edge of any chip have their light split between two chips. Cepheicl

candidate C9 was excluded from the fit to the PL relation because it lies near the pyramid

edge of chip 4, and up to 1870 of its light may be lost. Candidate C6 was also checked for

this effect, but was found to lose < 1% of its light, so it was retained in the PL fit. We

have retained candidate C4 in the final Cepheid sample because of its classic Cepheid light

curve at V, but have excluded it in fitting the PL relation due to its unusually red color,

V – I = 1.60 in the ALLFRAME phase-weighted photometry.

6. Period Luminosity Relations and the Distance to NGC 4414

The method used to determine the distance to NGC 4414 is the same as that used in

other papers of the Key Project series. A more detailed description of this method is given

in Ferrarese et al. (1996). Only a brief summary will be provided here.

The apparent V ancl 1 distance moduli to NGC 4414 were derived using the standard

V and 1 PL relations listed by Madore & Freedman (1991), based on LMC Cepheid clata,

scaled to a true modulus of 18..50 mag and corrected for an average LMC reddening of

E(l? – V) = 0.10 msg. The adopted PL relations are

&lv = –2,76(log F’ – 1.0) – 4.16 (5)

and

AfI = –3,06 (log P – 1.0) – 4.S7 (6)

These are the same 1)1, relations used in Saha cl cd. (1997) and other papers in that series.

The slope of the PL relations was fixed to those of the LMC in the fit to the NC;C; 4414

Cepheid data. By solving for only the zero point in the regression, wc avoid bias in the

slope clue to inconlpleteness at faint nlagnitudes.
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The V and 1 phase-weightecl PI. relations for NGC 4414 are shown in Figure 9. Open

circles are Cepheicl candidates which were not used in the fit for reasons discussed in the

previous section. The solid lines represent the best fit to the LMC PI, relations, while

the dotted lines show two sigma deviations from the mean LMC PL relations, at +0,54

mag for V and +0.36 mag for 1 (Maclore & Freedman 1991). Given the width of the

instability strip, almost all Cepheids will fall inside these limits, in the absence of differential

reddening. These PL relations give apparent distance moduli of pv = 31.45 + 0.13 mag

and pf = 31.43 + 0.09 mag, where the quoted errors are calculated from the scatter in the

NGC 4414 PL relations.

Much of the scatter in the V and J PL relations is correlated between the bandpasses,

due to the effects of differential reddening and position within the finite width of the

instability strip. Figure 10 shows a plot of the l-band PI, residuals versus the V-band

residuals for the NGC 4414 Cepheids. The solid line shows the slope and full width of the

expected correlation due to intrinsic instability strip width. The dotted line shows the

effect of differential reddening. There is good agreement between the data and both the

expected width and slope of the residual correlations. Uncorrelated photometric errors

of approximately 0.09 mag, divided between the V and 1 photometry are the most likely

source of the remaining scatter shown in Figure 10.

To derive the true distance modulus for NGC 4414, we must correct for the average

line-of-sight reddening to the Cepheids. The true distance modulus pO, defined as

requires that

j~i – pI ==Av – AI = E(V – I). (s)

F’or our sample of Cepheicls, we fincl E( V’– [) = 0.02+ 0.05 msg. The Cardel]i et d. (19S9)
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extinction law gives

A(I)/A(V) = 0.’773 – 0..587/Rv (9)

for the Johnson V and Cousins 1 passbands with Rv = A(V)/E(B – V). We assume

Rv = R~Mc = 3.30 as in previous papers in the series, e.g. F’errarese et al. (1996). This

gives a true distance modulus to NGC 4414 of p. = 31,41 + 0.09 mag, corresponding to a

distance of 19.1 + 0,S Mpc.

The choice of photometry set or method for finding Cepheicl mean magnitudes does

not affect our derived distance modulus. Distance moduli derived from ALLFRAME and

DoPHOT intensity-averaged and phase-weighted magnitudes are given in Table 7. The

effects of excluding the most deviant point in the sample (C6), as well as including all

Cepheid candidates, are also shown. Each of these moduli is consistent within the errors

with the modulus derived from ALLFRAME phase-weighted magnitudes above.

The errors cited above are all internal errors, arising from the scatter in the NGC 4414

PL relations. To get a more realistic estimate in the uncertainty in the distance, we must

consider other possible random or systematic errors in the Cepheid PL fitting method. Table

8 presents the error budget for the distance to NGC 4414. We include the uncertainties

due to metallicity, LMC distance modulus, and photometric calibration, in addition to the

uncertainty arising from the scatter of the PL relations, correlated between the V and 1

banclpasses. Errors are classified as either “random” or “systematic” as clescribed in Phelps

et al. (199 S).

A potential source of systematic error in the distance to NGC 4414 is the possible

metallicity dependence of the Cepheid PI, relation at V and 1. Kennicutt et al. ( 1997) have

analyzed }1S’7’ photometry of two Cepheid fields in M 101, and find weak evidence for a

mctallicity dependence, at the level of d(m – A/I)o/d[O/fl] = –0.24 + 0.16 n~ag/clex. If the

average abundance of the NCC 4414 Cepheids differs substantially from that of the LMC
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Cepheids which calibrate the PL relation, this coulcl introduce a small but significant error

in the derivecl distance.

Unfortunately there are no published H II

so we can only estimate the abundance of the

region abundances available for this galaxy,

Cepheid field, using the relation between

absolute magnitude and abundance of Zaritslcy, Kennicutt, & Huchra (1994). Combining

the distance measured in this paper with photometry from Tully (19SS) yields h’fB = –20.3

mag for NGC 4414. The mean H 11 region abundance of Sc galaxies in the Zaritsky et

al. (1994) sample is log(O/H) = —3.1, or approximately solar, measured at the average

radius of the Cepheids (p/p. = 0.6). This crude estimate is uncertain by at least a factor

of two, due to the dispersion in the metallicity-luminosity relation. Thus the INTGC4414

Cepheids are likely to be N 2 times more metal-rich than the LMC Cepheids, which could

cause the Cepheid distance of NGC 4414 to be underestimated by a few hundreths to

several hundreths of a magnitude. Given the uncertainties in these estimates, we have not

attempted to apply a metallicity correction, and instead include the uncertainty in the error

budget in Table 8. We plan to measure H 11abundances for this galaxy, and will revisit this

question at the conclusion of the Key Project.

7. Comparison to Previous Distance Estimates

Previous distance estimates to NGC 4414 have been either basecl on measurements

of NGC 4414 itself, or on indirect estimates via its assumed membership in the Coma I

Cloucl. Table 9 compares our measurement to previous distance estimates for NGC 4414.

Most of the recent measurements to NGC 4414, based on either the TF method or the peak

huightness of SN 1974G, lie in the 17-18 Mpc range, in excellent agreement with our value

of 19.1 + 1.5+ 1.4 lMpc.
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As mentioned earlier, the distribution of galaxies in the Coma I region appears to

be much more complex than originally assumecl. The Coma I Cloud is the classical

cleVaucouleurs (1975) group 113,and the Conla-Sculpto rclouclofTully (1988). It is a

loose group, spread over morethan 10°, with a core ofellipticals, Aaronson & Mould

( 1983) examinecl the TF relation for the Coma I group, and fount{ an unusually large

dispersion. The CfA2 redshift survey shows only a loose association of galaxies around

NGC 4414, perhaps two groups slightly offset in right ascension centered around 12h20m and

700 km s-l and 12h 15~ and 1000 km s-l (Huchra & Geller 1997). The Virgo-centric flow

model (Aaronson et al. 1982a) is unhelpful, because NGC 4414 is 18° away from the center

of the Virgo cluster and in the “triple-value zone, ” where distance is not a single valued

function of redshift. Distances determined for some other members of Coma I by the PNLF,

GCLF, and SBF methods are significantly lower than that derived for NGC 4414 (Jacoby

et al. 1996, Flemming et aL 1995, Simard & Pritchet 1994, respectively). However, a recent

determination of the distance to the Coma I Cloud using SBF distances to 3 galaxies yields

a distance of 1.5.75Mpc (Tonry et al. 1997). Taken together, these results suggest the Coma I

Cloud probably is not a distinct group, and more likely is a projection of galaxies along the

line of sight, or perhaps two superposed groups. Our distance to NGC 4414 is therefore of

limited use for calibrating secondary distance indicators pertaining to the Coma I Cloud.

8. Implications for Secondary Distance Indicators

Because of the proximity of NGC 4414 to the Virgo cluster, its peculiar velocity

correction is highly uncertain and moclel-dependent. Hence any value of Ho calculated from

the clistance and radial velocity of this galaxy alone is virtually meaningless. IIowever,

N(;C 4414 acids important calibration points for both the l’F relation ancl the SN Ia peak

brightness mcthocls. More complete disc.~issions of the impact of the Key Project c!istances
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on these calibrations will be presented in the future. IIere, we briefly discuss the consistency

of the NGC! 4414 results with existing calibrations.

In Figure 11, calibrators of the TF relation are plottecl (Moulcl et cd. 199.5 and references

therein). This sample includes both galaxies with direct Cepheicl distance measurements

ancl galaxies includecl from group associations. We use our new Cepheicl clistance modulus

and }lSO.~ = 7.S3 mag and AV~O = 509 km S-l from Aaronson et al. (19S2b) to place

NGC 4414 on this plot, shown as an open circle with error bars. The overplotted line is

the calibration of Mould et al. (1995). The new Cepheid distance to NGC 4414 places it

approximately 0.3 mag above this line, well within the observed scatter of 0.5 msg.

NGC 4414 was host to a Type Ia SN, 1974G. Photographic photometry published

by Ciatti & Rosino (1977) and subsequently reanalyzed by Leibundgut et al. (1991) and

Vaughan et al. (1995) are shown in Table 10, along with the reddening corrected values, and

the MB and Lfv magnitudes of SN 1974C; derived using our new distance to NGC 4414. The

reddening corrections to the observed values are quite uncertain, given the large uncertainty

in the observed color and in the assumed intrinsic (B – V)Bm~z for the supernova. The

absolute magnitudes of SN 1974G are in reasonable agreement with the average SN

Type Ia luminosities as determined by Saha et al. (1997), ilf~~~z = –19..52 + 0.07 mag

and hl~~o= = – 19.48+ 0.07 msg. For comparison, the calibration of Hamuy et al. (1996)

gives kf~~or = –19.26 + 0.0.5 nlag, and kf~~oz = – 19.27 + 0.o.5 mag for Anzls(l?) = 1.1

mag, which is consistent with the Am15(B) of the light curve of SIN 1974C~ (Leibunclgut et

al. 1991 ). The photometry of SN 1974G was recalibrated with photoelectric measurements

of its standard sequences by Tsvetkov (19S6) as reported by Patat et al. ( 1997). This new

photometry plus our distance modulus gives fl~~~o= = –-~oe~~~+ 0.S4, as s~lotvIl if] Table 10.

[,ikc previous photometry, the large error is clLIeto a large uncertainty in the reddening

correction to the supernova. It is clear that the usefulness of SN 1974G as a calibrator of



the SN Type Ia secondary clistance indicator is Iimitecl by the quality of the photometry of

the supernova, and not by our clerivecl distance to NGC 4414,
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Appendix A: Secondary Standards

Several relatively isolated stars were chosen on each WFC chip to serve as local

standards. In addition to their isolation, these stars were picked because their profiles

were well fit by A LLFRAME, photometric errors were small with good frame-to-frame

repeatability, their sky background was uncomplicated, ancl they were relatively bright.

The V ancl 1 magnitudes of these stars derived frcnn their ALLFRAME photometry are

given in Tables 1la-c.

Appendix B: Other Possible Variable Stars

Several variable candidates were excluded from the list of Cepheicl candidates, due to

the shapes of their light curves, low amplitude, inconsistency between photolnetry sets,



clegreeof crowciing, or location on the PC. Those cancliclates which appear to have real

variability are listecl in Table 12 along with their chip number, coordinates, possible period,

and intensity-averaged V ancl 1 magnitudes. Finder charts are given in Figure 12.
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Fig. 1.— B-bancl image of NGC 4414 taken at the FLWO 1.2nl telescope in * 2’.’,5seeing.

Superimposed is the }lST/WFPC2 field of view.

Fig. 2.— A mosaic of the median WFPC2 images of NGC 4414. Both V and 1 images were

included. Scaling is logarithmic to show detail. North is toward the top, and east to the left.

Fig. 3.—- Sampling variance of light curves for data taken using the temporal sampling

of the NGC 4414 observations. The variance plotted is a measure of the degree to which

the observed phase sampling deviates from that of uniform phase sampling. The variance is

normalized such that zero variance corresponds to the case where the light curve is uniformly

sampled.

Fig. 4.— Comparison of ALLFRAME and DoPHOT intensity-averaged magnitudes for

secondary standard stars and Cepheid candidates located on chips 2 through 4. Standard

stars from Table 3 are represented by crosses and Cepheid candidates by solid circles.

Fig. 5a.–- The PC field of view in NGC 4414. Marked are the locations of the variable

candidates’ fields shown in cletail in Figure 12. North is towarcl the bottom, and east to the

right.

Fig. 5b.— The WFC2 field of view in NGC 4414.

canclidates’ fields shown in cletail in Figures 6 and

the bottom.

Fig. 5c---- The WFC3 fielcl of view in NGC 4414.

candidates’ fields shown in detail in Figures 6 and

the left.

Fig. .%l.–- The WFC4 field of view in NGC 4414.

candidates’ fields shown in detail in Figures 6 and

Marked are the locations of the variable

lQ. North is tolvard the left, and east to

Marked are the locations of the variable

12. North is toward the top, and east to

Marked are the locations of the variable

12. North is toward the right, and east
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to the top.

Fig. 6a.–- Finder charts for each of the Cepheicl candidates. Each image is 51 x 51 pixels,

corresponding to 5“. Orientation of each image is as in Figure 5.

Fig. 6b.–- Finder charts for each of the Cepheicl cancliclates. Each image is 51 x 51 pixels,

corresponding to 5“. Orientation of each image is as in Figure 5.

Fig. 7a.-Lightc urvesfore achofthel lCepheiclc ancliclates. The Vmagnitudes areplotted

as solid squares, and 1 as open triangles. Data are plotted over a second cycle for clarity.

Fig. 7b.–-Light curves foreach of then Cepheid candidates. The Vmagnitudes areplotted

as solid squares, and 1 as open triangles. Data are plotted over a second cycle for clarity.

Fig. 8.— 1 vs. V – I color-magnitude diagram for the 3 WFC chips. Phase weighted 1

magnitude and color are plotted for each of the Cepheid candidates as solid circles.

Fig. 9.— The V and 1 PI. relations for the Cepheids listed in Table 6. The solid line

represents the best fit to the NGC 4414 data. The dotted lines represent the scatter expected

due to the intrinsic width of the Cepheid instability strip. Cepheid candidates excluded from

the fit are plotted as open circles.

Fig. 10.— Magnitude residuals in 1 and V from the PL relations for Cepheids in NGC 4414.

Cepheicls excluded from the fit are represented as open circles. The expected scatter due to

the intrinsic width of the instability strip is represented by the solid line. The correlation

expected clue to differential reddening is given by the clottecl line. The clashed line is a fit to

the data.

Fig. 11.— The H band Tully-Fisher relation. Local calibrators from Moulcl c1 al. ( 1995)

and references therein are plottecl as solid circles. N(;C 4414 is placed on this plot using

the clata of Aaronson c1 al. ( 19S2b) and our new distance moclulus, and is represented as



.

.

an open circle with error bars. The line is the }1 band TF calibration given by Moulcl et

al. (199.5).

Fig. 12a.— Finder charts for the additional variable candidates. Each image is 51 x 51

pixels, corresponding to 5“ for the WFC and %!5 for the PC (canclidates C12, C14, and

C15). Orientation of each image is as in Figure 5.

Fig. 12b.— Finder charts for the additional variable candidates. Each image is 51 x 51

pixels, corresponding to ,5”. Orientation of each image is as in Figure 5.
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Fig. 1.— B-band image of NGC 4414 taken at the FLWO 1.2n] telescope in - 2!’,5seeing.

Superimposed is the l/ST/\ VF1’C2 field of view.
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Fig. 2.-– A mosaic of the I]l(dii)n Wl~l’(2 il])ages of N{;(’ 4114. Both V and 1 images were

included. Scaling is Iogarith[llic to SIIOWdetail. lNortll is Lowar(l the top, and east to the Icft.
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Fig. 3.— Sampling variance of light curves for data taken

80 100

using the temporal sampling of the

NGC 4414 observations. The variance plotted is a measure of the degree to which the observed

phase sampling deviates from that of uniform phase sampling. The variance is nortnalized such

that zero variance corresponds to the case where the light curve is uniformly samplecl.



.

1 I 1 I 1 I I I I I I I I 1 I 1 I 1 T 1 I 1 1 I I 1 1 1 1

0.4
I

0.4

0 0.2 0.2
>“

% “-o : ;8 $ %I o :“ X“xx o :
xx % W X*

EJ x $ ~xw 5 x

> -0.2 ‘< -0.2

-0.4 WFC2
I I I

-0.4 WFCZ
t 1 1 1 # 1 t I [ 1 1 I 1 I 1 1 1 1 1 1 1 I 1 1 1 I t

0.4 0.4

0 0.2
+“ x & d 0“2 : x
I

X?N?&
3(

m
3

> 0:
F* “ 0:

-2
x

x ‘* ●

-0.2 -0.2

-0.4 WFC3
I 1 I

-0.4 WFC31
1 1 1# 1 1 1

I 1
1 t I 1 1 1 1 I 1 1 t I t 1 1 I

r I
1 8 1 1 1

0.4 0.4

>SJ 0.2 0.2

$“”* : : *yff “;
I

>2 0:
X;; x 0:

g x

-0.2 - -0.2

-0.4 WFC4
I I I

-0.4 WFC41
1 1 1 1 1 I I t t 1 t 1 , 1 1 I 1 I I t i I 1 1 1 I ,

20 22 24 26 18 20 22 24 26
vALF IALF

Fig, 4.— C~omparison of ALLFRAME and DoPHOT intensity-averaged magnitudes for secondary

standard stars and Cepheid candidates located on chips 2 through 4. Standard stars from Table 3

are represented by crosses and Cepheid candidates by solid circles.



———

*

..
“.

. . .
. .

.

C12

❑
h’ig. .5a---- ‘lllIe I’C: fiet{l of vietv ill NGC ,1414. Marked are the locations of the variable candidates’

fields SIIOWIIill (Ietait ill lJigilre 12. North is toward the bottom, and east to the right.
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Fig. k--- The WLW field of view in NC;C 4414. Marked are the locations of the variable

candidates’ fiel(ls SIIOWIIin detail in F’igures 6 and 12. North is toward the top, and east to the left.
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candidates’ fields shown in detail in Figures 6 and 12. North is toward the right, and east to the

top.
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Fig. (jb. I;ill{lf’r cltarts for each of the Cepheicl candidates. Each image is 51 x 51 pixels,

rrr ori~,[lt,at,io[~ of each illlage is M in Fifgure ~.correspoadillg to .) .
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Fig. 11 .— The H band Tully-Fisher relation. Local calibrators from Mould et al. (1995) and

references therein are plotted as solid circles. NC;C 4414 is placed on this plot using the data of

Aaronson et al. ( 1982b) and our new distance modulus, and is represented as an open circle with

error bars. The line is the H band TF calibration given by Mould et al. (199.5).
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Fig. 12a. - I:i[lflcr cliarts for the additional variable call(li{l:~t,es. l’:ilCll illlagc is .51 X ,51 pixels,

correspollcliilg I(J 5“ for tl)c WII’C ancl 2!’.5for the PC (call(li(latm (: 12, (’11, slid (:1.5). orientation

of each illlilgo is as ill I“igure .5.


